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Abstract  
 
This project evaluated the feasibility of correlating surface roughness to Coefficient of 
Friction on a shoe sole’s elastomer compound.  I used state of the art microscopes to measure the 
surface of elastomer compounds at fine scales.  I used geometric multiscale analysis to 
characterize the surface and begin to determine the relevant scales of measurement.  I aided in 
the design of a testing apparatus that can test for coefficient of friction.  This apparatus measured 
the normal and transversal forces at the interaction of two surfaces.  This study demonstrated that 
with a more diverse selection of surface topographies one should be able to find a correlation.    
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Foreword 
 Much of this project was done in close conjunction with Brien Hard, Chris Murray, and 
Joe Lidwin of the Vibram Shoes MQP group.  This collaboration includes many aspects of the 
design work, procedure development, testing, and writing.  We fully expect there to be a great 
deal of overlap between our findings, data, and write up. 
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1.  Introduction 
 
1.1 Objective 
  The objective of this project is to determine a correlation between coefficient of friction 
(COF) and the surface roughness of a shoe sole against a counter surface. This project will 
involve designing a testing procedure to determine the COF and using the multi-scale geometric 
analysis method to characterize a surface’s roughness in an attempt to find the relationship 
between the two.  
1.2 Rationale 
  An understanding of COF and how different surfaces interact would provide shoe makers 
with a better understanding on how to improve the COF of shoe soles. Using state of the art 
methods we will be able to analyze factors that affect the COF which previous standardized 
testing do not address. Providing a direct relationship between surface roughness and the COF 
can provide manufacturers with information to help understand how their shoe will behave. 
1.3 State of the Art 
  To fully understand the COF measurement, the surface roughness properties of both 
surfaces need to be analyzed. Through the use of ASTM, ASME, and ISO standards, surface 
roughness can be measured and characterized to establish parameters, which are typically 
thought to influence the COF between a shoe’s sole and counter face. Establishing a strong 
understanding of surface roughness and having accurate COF measurements is the basis for 
being able to determine a correlation.  
 
1.3.1 Surface Roughness 
Surface roughness is generally measured by taking the average height of the surface over 
the length of the surface, Ra. The length of the surface is determined by the cutoff wavelengths 
which the user defines. Other parameters have been used to characterize surface roughness over 
a given length which include slope, root mean square, and maximum profile height. These 
parameters are used to help determine how surface roughness affects different tribological 
phenomena. ASME standard B46.1 helps better explain surface texture parameters and how they 
are used to characterize surface roughness.    
Another method for characterizing surface roughness is multi-scale geometric analysis. 
This method utilizes a confocal microscope to analyze the texture of a surface at different 
measurement scales. The texture area is then broken down into partitions of geometric shapes 
based on the scale. It also simplifies the process of correlating common surface roughness 
parameters outlined in ASME B46.1 and the different measurement scales of the surface. The 
best scale for measuring the surface is found by finding which scale produces the best 
R(squared) values for the parameter.  
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Case Study 1: How to select the most relevant 3D roughness parameters of a surface 
In a study on “How to select the most relevant 3D roughness parameters of a surface,”  
Deltombe et al. detail a process for determining the relevance of measured surface topography 
values. The first step is to take measurements of various surface roughness parameters.  For this 
study a white light interferometer was used for “characterizing and quantifying surface 
roughness.” The second step is a multiscale decomposition, which uses a Gaussian filter, as 
recommended by ISO and ASME standards, to determine the mean line of the surface metrology.  
From these measurements taken at varying scales various 3D roughness parameters are 
computed. Step three is to use a statistical model to measure the variance and thus the relevancy 
of each parameter for each spatial scale. The final steps in the process are to classify each 
parameter, determine which are most relevant and interpret the physical ramifications of each. 
This study details an “elementary study of surface topography” (Deltombe et al. 2014). 
 
Case Study 2: Floor slipperiness measurement: friction coefficient, roughness of floors, and 
subjective perception under spillage conditions 
Another study, carried out by Li et al. set out to understand the “risk of slipping 
accidents.” This study tested five common floor materials for their COF with four common shoe 
materials under five different spill conditions. The researchers first measured the surface 
roughness of the tiles using a profilometer to measure for four surface roughness parameters (Ra, 
Rtm, Rpm, and Rq). Then COF was measured by using a Brungraber Mark II COF tester which 
simultaneously applies the normal and transversal forces. A weighted inclined strut impacts the 
counter surface at specified angle, the angle is increased until a slip occurs in which the tangent 
of the angle is the COF. The COF data and the surface roughness data were then plotted against 
each other. The results attained were a “very high (r=0.932 to 0.99)” correlation.  This study is 
an example of research that was able to attain very good correlation results (Li et al. 2004).  
 
1.3.2 Friction 
Several standards currently exist to test the dynamic coefficient of friction between the 
shoe sole and counter surface. The British standard BS 7976-2:2002 + A1:2013, which was 
amended in 2013, outlines the methods for establishing a pendulum shoe friction test. This 
standard provides useful information about procedures currently used for testing shoe sole 
friction. Other standards include EN ISO 13287:2007 and ASTM F2913-11 which specify 
methods for testing the COF of shoe soles by manipulating the properties of the counter surface.  
To understand the coefficient of friction between shoe and counter surface, “standardized 
mechanical test devices have been developed to simulate dynamic footwear-surface interaction 
to provide a repeatable measure of floor slipperiness.” (Clark et al 2015). A pendulum testing 
machine and a SATRA STM 603 machine are currently used for testing friction as it relates to 
shoe soles. The pendulum testing machine uses a pendulum like motion to move and measure the 
displacement of the shoe sole as it comes into contact with the surface. The procedures and 
methods for using the pendulum testing machine are outlined in the BS 8976-2:2002 +A1:2013 
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standard. The SATRA STM 603 machine is a slip resistance testing device to test the friction of 
the shoe sole-counter surface interface. The company SATRA is an independent research and 
testing organization that developed the test to follow the EN ISO 13287:2007 standard. 
Additionally, the organization established its own standard SATRA TM144 which can be read to 
better understand the testing procedure and methods. All of the standards that are relevant and 
studied for purposes of this project can be found in Figure 1. 
 
Standards for Testing Coefficient of Friction for Shoe Soles 
EN ISO 13287:2007 specifies methods for testing for the slip resistance of 
conventionally soled safety 
ASTM F2913-11 specifies method for measuring the coefficient of 
friction of shoe soles using a whole shoe tester 
BS 7976-2:2002 + A1:2013 outlines methods for measuring coefficient of friction 
of shoe soles using a pendulum tester 
SATRA TM144 specifies methods for testing coefficient of friction of 
shoe soles using STM 603 machine 
 Figure 1: Standards for Testing Coefficient of Friction for Shoe Soles 
 
This study analyzed the factors that influenced the COF on shoe soles. Derler et al 
investigated the factors that influenced the results of the friction measurement by using a 
tribometer Floor Slide Control 2000 that was operated under different condition in a climate 
chamber. The device was operated over a specified distance and velocity to measure the dynamic 
coefficient of friction between a standard material to mimic a shoe sole such as rubber, plastic or 
leather and the underlying surface, either PVC flooring or terrazzo tiles. Each combination was 
carried out under four different temperatures.  From there the hardness of all shoe sole materials 
were measured under the different temperatures. After all the measurements and trials were 
carried out they were able to analyze the data through software Mathematica® (Wolfram, 1996) 
and statistical methods described in Sachs (2004). This study showed a simple slip resistance test 
while taking into consideration the temperature effect on the COF on the shoe sole materials. 
While the friction that was measured was a result of the viscoelastic material properties and 
depended on the hardness of the shoe sole, the temperature and mechanical abrasion of the sole 
materials were the two factors with the greatest effect on the dynamic COF.   
 
Case Study 4: Understanding the Friction Measured by Standardized Test Methodologies Used 
to Assess Shoe-Surface Slip Risk 
Currently there are two shoe-surface contact testing methods that assess the risk of a 
pedestrian slip specified in British Standards. There is the aforementioned BS 7976-2:2002 
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pendulum test device and BS EN ISO 13287:2007 which specifies the test method to assess the 
slip resistance of conventionally soled safety, protective and occupational footwear. In this study 
experiments were conducted on six different household surfaces. The results showed no 
correlation between the two standardized test methods. Clark et al believe this can be attributed 
to the effect that the different methodologies have on the friction factors at the heel-surface 
contact. The results do suggest that a linear relationship between roughness and slip resistance 
may exist for stiff surfaces however the relationship does not include deformed surface. “With 
stiff surfaces, the friction caused by asperity contact is dominant and controlled by surface 
roughness” (Clark et al 2015).   
 
Case Study 5: Milled Die Surface Roughness Correlation 
In a study on milled die steel surface roughness correlation with steel sheet friction, a 
team of engineers conducted linear regression analysis of 32 characterization parameters against 
the surface roughness of milled die. The purpose of performing the analysis was to determine 
which characterization parameters best relates the friction found in sheet metal forming and the 
surface roughness of metal dies. The study used the bending under tension test of sample 
surfaces, a test commonly used when analyzing metal dies, to measure friction. Through the use 
of linear regression analysis, the study was able to compare the friction measurements against the 
surface parameters by producing R2 values and was able to determine which parameters were 
most closely related to the friction found in sheet metal forming. This study exhibits a good 
example of how a linear regression analysis can be useful in relating factors of surface roughness 
with friction. The study was able to find that inclinations of a surface roughness are important to 
consider when analyzing friction in sheet metal forming because of their strong correlation 
factor. The study also provides a good example of how to understand the linear regression 
models that the analysis produces to determine which parameters should be considered and 
which should not be considered (Berglund et al 2010). 
1.4 Approach 
To satisfy the goal of finding the correlation between the surface roughness and COF we 
will break the project up into three areas of work: designing a process to characterize surface 
roughness of a shoe sole and counter surface, designing a system to simultaneously measure the 
forces to determine the COF, and correlating COF to surface roughness. 
 
1.4.1 Surface roughness of shoe sole and counter surface 
This project's objective is different from previous studies such as case study 2 in the 
“state of the art” section because it specifically deals with the correlation between two objects 
surface roughness and the resulting COF. Understanding the scale of interaction of the surfaces 
helps to better understand how the selected parameters relate to the properties of the roughness 
of the surface. As a result we will use the multi-scale geometric analysis for the shoe sole surface 
as well as common floor surfaces used in shoe testing. A list of the common floor surfaces can 
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be found in Figure 2. The method of multi-scale geometric analysis has not been used in past 
studies to identify a relationship between surface roughness and the COF of a shoe sole and a 
counter surface.  
 
Common Counter Surfaces 
Unglazed clay quarry tile 
Stainless steel number 1.4301 type 2G 
Vinyl (PVC) 
Wood 
Carpet 
GRP 
Concrete 
Figure 2: Common counter surfaces used in shoe testing 
 
1.4.2 Simultaneous measurement of forces 
Once the roughness of the surface and the significant parameters are determined, a better 
understanding of the relationship with the COF measurement may be accomplished. When 
measuring the COF, it is important to measure both the tangential and normal forces at the same 
time. To do this, a Kistler dynamometer, which is capable of quasi-static and dynamic 
measurements, can be used to measure the forces simultaneously. The tangential forces of 
friction directly impact the normal forces of friction, therefore if the two forces are not measured 
simultaneously then a clear picture of the coefficient of friction cannot be understood. This 
process is different from the approach used in studies such as case study 3 which uses a portable 
device to measure slip resistance. The Kistler dynamometer will provide our team will real time 
data of both forces during static and dynamic friction testing instead of a device automatically 
calculating the COF.   
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2. Methods 
2.1 Surface Topography of Elastomer Rubber Compounds 
 Vibram provided the elastomer compounds used for testing.  These elastomer compounds 
were comprised of the material that Vibram uses to manufacture shoe soles.  The compounds 
used are proprietary.  We do know that they contained various rubber polymers including: 
styrene-butadiene rubber, nitrile rubber, butyl based rubber, and chloroprene rubber. 
 
2.1.1 Measurement 
 
2.1.1.1 Preparing the Elastomer Rubber Compound 
 Each surface needed to be cleaned before any measurement could be taken.  
Contamination can make the measurements less accurate. 
 To clean the elastomer compounds they are first washed with perfume-free soap and 
water.  The elastomer compound is then dried.  Once dry the elastomer compound is dusted by 
using a clean brush and pressurized air.  
 
2.1.1.2 The Microscopes 
 The microscope used to take our measurements was the Olympus LEXT OLS4100.  This 
is a confocal microscope.  This microscope was used to make measurements at 20x and 50x 
(times magnification).  These measurements covered small regions at fine scales.  Our detailed 
procedure for using the OLS4100 to take measurements can be found in appendix A.   
We took several measurements (at least six) at different locations on the same elastomer 
compound in order to find qualities that were characteristic of the entire surface of the elastomer 
compound.  
  
2.1.2 Analysis 
 To analyze the measurements we used the program Mountains 7.  This software reported 
many common surface roughness parameters.  The software allowed us to remove outliers from 
the measurement using a filter.  The software also allowed us to level the surface.   
  
2.1.3 Characterization 
 To characterize the surface we used Sfrax to preform geometric multiscale analysis.  The 
data is correlated against COF data to determine the best scale to characterize the surface.  Once 
scale is determined, geometric data and complexity data at the correct scale can be used to 
characterize the surface.   
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2.2 Coefficient of Friction Testing  
 
2.2.1 Manufactured COF testing apparatus 
 I worked closely with the design lead of the other Vibram shoes MQP to design and 
manufacture an apparatus that can measure the forces involved in friction simultaneously to 
determine COF. 
 
2.2.1.1 Design Review 
 The testing apparatus that we manufactured was designed axiomatically.  I reviewed 
many iterations of the designs and offered suggestions towards designing for manufacturability 
and designing for assembly.  Final designs can be found in appendix C. 
 
2.2.1.2 Simultaneous Force Measurement 
 Our testing apparatus is specifically designed to measure the normal and tangential forces 
simultaneously.  This allows the COF to be calculated at any instant during testing.  
 To simultaneously measure the forces in both directions we are using a Kistler 9257B 
Dynamometer.  This device uses piezoelectric properties to measure the forces applied in three 
orthogonal directions simultaneously.   
Our apparatus is designed specifically to be used with the dynamometer.  The apparatus 
houses the dynamometer while in use.  The normal and transversal forces are applied to the 
elastomer compound via two pneumatic cylinders, one designated for each force.  A pair of 
linear rail ball bearings is used to minimize any friction within the apparatus.  The apparatus is 
designed to only measure the forces experienced at the interface between the compound’s 
surface and the counter face.  
The dynamometer also requires a signal amplifier.  I used a Kistler 5004 dual mode 
signal amplifier.  This amplifier takes the reading from the dynamometer, amplifies it by a 
desired voltage per mechanical unit, and reports the forces in the form of three voltages. 
To read these three analog signals we used a DAQ box.  This, coupled with a computer 
running a virtual instrument (VI), can read all three of these signals simultaneously.  The VI has 
the capability to be calibrated to any unit of force.  A detailed description of how the program 
was calibrated can be found in appendix B.  
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3. Results  
 
3.1 Surface Roughness Data 
 The surface roughness data is collected in the form of surface files like the one seen 
below. 
 
Figure 3: Surface File From Elastomer Compound 
 From these surface files we collected data on parameters from ISO 25178.  To compare 
the two surfaces supplied by Vibram we took eight measurements on each surface and measured 
for seven ISO 25178 surface parameters.   
ISO 25178 Parameter  Surface A Average Surface B Average F-test statistic 
Root mean square height of the surface (μm) 1.815 1.340 0.170093605 
Skewness of height distribution -0.166 -0.537 0.949110894 
Kurtosis of height distribution 2.958 3.777 0.086439096 
Maximum height of peaks (μm) 6.887 4.223 0.058632068 
Maximum height of valleys (μm) 5.650 6.773 0.635594453 
Maximum height of the surface (μm) 12.535 11.003 0.30664218 
Arithmetical mean height of the surface (μm) 1.450 1.055 0.17620758 
Figure 4. ISO 25178 Height Parameters and F-test results 
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 The result of an F-test is the probability that the variance between the two surfaces are 
not significantly different.  The F-test statistic is the ratio of the two sample variances squared.  
The further this value is from 1, the stronger the evidence the two populations are distinguishable 
from each other (Snedecor and Cochran, 1983).  Root mean square height and Arithmetical 
height both have a low chance of not being significantly different, approximately seventeen 
percent, but this is not enough to draw the conclusion that they are statistically different.  
 
3.1.1 Repeatability data 
 To get an understanding of how consistent each surface is and how consistent the data we 
are getting from these measurements are we conducted a repeatability study. 
Figure 5: Height versus Height Plot 
 
This graph shows a plot of all the height measurements from one measurement verses the 
height measurements from another measurement at the same location.  This graph represents 
height data only and does not consider spatial properties.  This correlation has an R2 value of 
.9981. 
Repeatability Graph 
H
e
ig
h
t 
(µ
m
) 
Height (µm) 
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These two graphs show the geometric multiscale analysis of the two different surfaces. 
Figure 6: Sfrax File for Measurements at 20x Surface A 
Figure 7: Sfrax File for Measurements at 20x Surface B 
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These measurements taken with the 20x lens do not show enough of a difference to be 
able to distinguish the two surfaces from each other. 
 
Figure 8: Sfrax File for Measurements at 50x Surface A and B 
 
These measurements taken with the 50x lens do show a differnece in the surfaces.  There 
are two distinct bands of data.  This shows that one side is smoother than the other, and there is a 
measureable difference between the two.  Through further testing of the data we hope to be able 
to correlate this data with COF at the most influential scales.   
3.2 Results from Preliminary COF Testing 
 
3.2.1 Dynamometer 
 The dynamometer gave us a read out of the friction forces during the experiment.  Below 
are two typical graphs of the transversal and normal forces during one of our COF tests. 
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Figure 9: Normal Force Graph 
Figure 10: Transversal Force Graph 
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 These graphs are typical of our results in our tests.  The normal force stays mostly 
constant but does decrease slowly due to signal decay.  The transversal force increases as the 
pneumatic cylinder pushes on it.  It increases until a slip occurs.  Then it levels out while the 
rubber slides. Then it returns to zero then the pneumatic cylinder is fully extended.    
 
3.2.2 COF calculated from data 
 From the force data we can calculate the COF over the entire experiment. 
 
Figure 11: Coefficient of Friction Graph 
 
 This graph shows the calculated COF throughout the entire experiment.  The peak 
represents the static COF.  This is when the rubber started sliding.  The plateau after the peak is 
an indicator of the kinetic COF.  This is measured while the rubber is sliding.  The noise at the 
end of the measurement represents the pneumatic cylinder reaching its full extension.    
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4. Discussion 
4.1 Simultaneous Measurement of Tangential and Normal Forces 
 In order to get a complete understanding of the interaction between two surfaces, it is 
important to measure the forces simultaneously. The tangential friction forces directly impact the 
normal friction forces, therefore if the two forces are not measured simultaneously then the COF 
cannot be fully understood. This process is different from the approach used in studies such as 
case study 3 which uses a portable device to measure slip resistance. 
4.2 Dynamometer and Signal Amplifier  
 There are some limitations to the dynamometer and signal amplifier.  Some of the 
measurements can contain noise that can make the measurements less accurate.  Also, under a 
constant applied force the signal the dynamometer and signal amplifier reads out slowly decays 
to zero.  This can be accounted for mathematically and did not influence our measurements.  The 
signal regresses linearly and can be accounted for with a variable factor that increases with time.  
The details of this compensation can be found in appendix E.  
4.3 Manipulation of Elastomer Compound’s Surface Topography 
 The elastomer compounds supplied by Vibram did not have enough variation in surface 
topography to find a meaningful correlation.  In order to get a better understanding of the effects 
surface topography can have on friction we would need to develop a way to deliberately 
manipulate the surface topography of the elastomer compounds.  Different molds can have an 
affect but the viscosity and curing process limit the effect the mold can have on the surface 
roughness.  We also tried abrasives.  This was an attempt to change the topography after the 
elastomer compound had cured.    
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5. Conclusion 
5.1 Dynamometer is a feasible way to determine COF 
 The dynamometer can measure both tangential and normal forces simultaneously.  This is 
useful for calculating COF.  The dynamometer measurements can add useful insight to the 
interaction of two surfaces. 
5.2 More surface topography variation is required 
 In order to find a meaningful correlation, we need to be able to intentionally manipulate 
the surface topography and observe how different surface topographies lead to different 
interactions between the surfaces.   
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7. Appendix 
 
Appendix A: Olympus LEXT OLS4100 Procedure 
1. Open LEXT software  
2. Fixture the sample on the microscope 
3. Using proper lab procedure use the 10x lens and the hand adjustments to focus the 
microscope as best as possible 
a. Unlock hand adjustment  
b. Look at microscope when adjustment is moving closer to sample 
c. Hand jog past focus point while looking at sample/lens avoid contact between lens 
and sample  
d. Look at screen while adjustment is moving away from sample to focus point 
e. Lock hand adjustment when finished 
4. Switch to next (20x) lens 
5. Refocus the lens by using the software to set maximum and minimum heights for 
measurement 
6. Adjust brightness to avoid image saturation  
7. Repeat steps 4  through 6 until you have reached desired lens 
8. Take measurement 
9. Save surface file as appropriate 
 
Appendix B: Calibrating the Virtual Instrument used with the Dynamometer 
1. Set up testing apparatus and open VI 
2. Set input channels and select excel file for data destination 
3. Run VI 
4. Zero signal amplifier (unloaded dynamometer) 
5. Record data 
6. Apply known force (load dynamometer with weight) 
7. Record data 
8. Remove known force 
9. Zero signal amplifier 
10. Repeat steps 6 through 9 with different known applied forces 
11. Stop VI 
12. Open collected data in excel 
13. Plot applied known applied force vs data collected by dynamometer 
14. Add linear trend line to plot 
15. Enter slope and intercept values where appropriate in VI (intercept should be zero) 
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Appendix C: COF Testing Apparatus  
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Appendix D: VI Wiring Diagram  
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Appendix E: Constant Force Signal Regression on Dynamometer  
 
This graph shows the signal decay over about twenty seconds 
 
 
This equation, when multiplied by the measured force, compensates for the signal decay. 
t = time. 
 
1 +  .00108𝑡    
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